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SUMMARY

An application of a simple numerical technique which allows for the

rapid construction of orthogonal coordinate systems about axisymmetric blunt

bodies is presented. This technique can generate orthogonal meshes which have

unequally spaced points in two directions. Relations are given for the numer-

ical generation of the metric coefficients.

Body shapes ranging from simple analytical bodies to complex reverse cur-

vature bodies are presented together with their orthogonal coordinate systems.

The relatively good accuracy of the technique is shown in tabular data describ-

ing coordinate line slopes and metric coefficients. The "predictor-corrector"

numerical method used to generate these results is both simple in concept and

easy to program, so that the application of the technique should be broader

than the results presented.

INTRODUCTION

The introduction of high-speed computers with extensive memory capabilities

has greatly enhanced the feasibility of solving the full Navier-Stokes equations

for fluid flow over complex geometric shapes. One of the primary problems hin-

dering the development of computational fluid dynamicsfor complex geometries

has been the difficulty of generating the finite-difference mesh. A great deal

of effort has been expended to develop coordinate transformations and/or mesh

generators for varying degrees of geometric complexity. (See refs. ] to 14.)

These techniques range from the very simple, as in reference 1, to the mathemat-

ically elegant, as in reference 14. However, for flow over blunt entry bodies,

it is imperative that the boundary conditions on the body be represented as

accurately as possible by the finite-difference approximations to the Navier-

Stokes equations, because the regions adjacent to solid surfaces generally domi-

nate the character of the remaining flow field. The viscous shear stress forces

on solid bodies depend directly on the large gradients (in the direction normal

to the solid surface). Accurate skin-friction coefficients require that these

large gradients be resolved accurately. Therefore, almost all numerical solu-

tions to the Navier-Stokes equations to date have used body geometries condu-

cive to use with natural or nearly orthogonal coordinate systems.

In the natural coordinate system, the body surface itself forms one bound-

ary. That is, the body contour coincides with a constant coordinate line. Some

simple examples of this approach are a cylindrical coordinate system to describe

flow over a cylinder, a spherical coordinate system to describe flow over a

sphere, and a parabolic coordinate system to describe the flow over a paraboloi-

dal body. In each of these coordinate systems, the normal coordinates intersect

the body orthogonally, thus simplifying the boundary conditions. There is lit-

tle difficulty in compressing the mesh near the body because the computational

mesh system is composed of lines parallel to the body which can be concentrated

as close to the body as desired. There is, however, one rather severe restric-



tion on the natural coordinate system; that is, the body must have an analytic

shape. Unfortunately, most realistic entry bodies bear little resemblance to

the limited number of natural coordinate systems available.

Another option is similar to the natural coordinate system in that the

body surface becomes one coordinate line in the system. This is called the

body-oriented coordinate system. In this system the coordinates of a point are

determined by the distance along a body surface measured from the axis of sym-

metry and the distance along a normal to the body. This type of system has

been used to describe the flow over the forebody portions of blunt entry bodies.

(See refs. ] 5 to 17 for examples.) The major problem with this system is that

any discontinuity in slope on the body makes it impossible to describe the com-

plete flow field. The body-oriented system, therefore, cannot handle the body

shape with a concavity produced by heat-shield ablation in a severe heating
environment.

Conformal mapping gives a well-developed and accurate alternate method

of generating orthogonal coordinate systems for complicated geometric shapes.

Reference ]4 provides a recent look at some of the latest and most sophisticated

techniques. Conformal mapping methods, however, are mathematically complicated

and require multiple transformation steps leading to a loss of physical reality

in the computational plane. Such complications make finite-difference mesh

setups difficult.

Reference 12 presents a nearly orthogonal coordinate generator, somewhat

similar to conformal mapping in concept, which has been used in two-dimensional

and axisymmetric calculations; however, the technique is not easily applied

and requires a great deal of user familiarity to execute successfully. One

relatively easy analytic technique (ref. ]0) has produced excellent results

(ref. ]8), but the technique is limited by the necessity of specifying the

body shape by an analytical trigonometric series.

This paper presents a more general orthogonal coordinate system which can

represent a wide range of body geometries. This technique is based on the

rather simple but accurate numerical method developed in reference ]9. The

body can be represented by a series of discrete (but continuous) points rather

than by an analytical approximation. In the transformed computational plane,

the region of interest is rectangular, with the body surface being a coordinate

line. This representation combines the advantages of the natural coordinate

system and the generalized orthogonal coordinate system. In addition, generat-

ing the coordinates in the physical plane simplifies the finite-difference mesh

setup.

SYMBOLS

h],h2,h 3 metric coefficients for transformed coordinates

hi, j metric coefficient

i tangential direction index



J total number of mesh points in normal direction

j normal direction index

Kc unequal spacing parameter

N unequal spacing coordinate parameter

r Z local distance between body surface and outer boundary

ro radius of outer circular boundary

rs radius of body surface from its geometric center

u],u2,u 3 generalized transformed coordinates

x],x2,x 3 generalized coordinates

x,y,z Cartesian coordinates

n,_,$ transformed orthogonal coordinates

@ internal body angle

@o outer circular boundary angle

@] local angle for r Z

Q local radius from axis of symmetry

Subscripts:

o outer boundary related quantities

s body surface quantities

DESCRIPTION OF METHOD

For the mesh generation about an axisymmetric body, the origin of the

x,y coordinate system is taken as the approximate center of the body. Once the

body is described in terms of x,y points, then the surface distance _ can

be calculated in a generalized manner by defining _ as 0 on the -y ordinate

(see fig. ]) and 8 as increasing positively in the _ direction. Then

is given by

_0@ Ir + Idrsl21 1/2
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where

rs = (Xs2 + ys2 )I/2

8 = sin -] (Xs/rs)

Once _ is defined, the next step is to construct n level lines between

the body and a suitable outer boundary. As pointed out in reference ]], a

circular outer boundary simplifies the specification of the outer boundary

conditions for fluid dynamic calculations. Most of the examples presented

in this paper use a circular outer boundary. However, the outer boundary

may be specified as any reasonable shape; and for those cases where only a
partial field is to be described, one can use a discrete shock wave as the

outer boundary. The circular boundary can be easily specified by a polar
coordinate system where

x = ro cos @o

y = ro sin 8o

In this system, ro is the radius of the outer boundary and @o is usually

taken in equal increments around the outer boundary. On the outer boundary,

n = ] while on the body _ = 0. The level lines between the boundary and the

body can be constructed along straight lines connecting corresponding points

on the body and circular boundary. Note that the mesh points on the outer cir-

cular boundary are not the final mesh points, but initial values used only to

set up the level lines. The spacing of the level lines can be unequal and the

unequal spacing relation of reference 20 can be easily applied:

KcNj/AN _ ]

qj = /AN
Kc I - ]

where Nj = (j - ])AN and Nj = ], with AN = ]/(J - 1) and K c being the

spacing parameter (generally ] < Kc < 2). The larger the spacing parameter

Kc, the more unequal the spacing. From the above relation, the level lines

between all corresponding points on the body and circular boundary can be

calculated. The relationships for the corresponding values of x,y can be
obtained (see fig. 2 geometrical schematic) from

( _]]12
2 + (Yq=1 - Yq=O)rz,i = xq=1 - xq=o) i



xi, j = xi,n= 0 + (njrz, i) cos (81)

Yi,j = Yi,_=0 + (qjrz,i) sin (@1)

where

@] = sin-] [(YT]=I - Y_=0)/rz,i I

Figure 3 shows the level lines constructed in this manner for an ellipse with

K c = 1.01, which gives nearly equal spacing.

Once the level lines have been determined, the normal lines are con-

structed so that an orthogonal system is defined. The approach to the con-

struction of the normal lines is the one given in reference 18 which uses a

simple "predictor-corrector" technique analogous to the trapezoidal integration

technique of numerical integration. In this technique, the solution is first

predicted from the level line at a known point by using the Euler method. Once

the predicted point on the next level line is obtained, then the slope at that

point is calculated and a new predicted point is obtained from this slope. The

actual solution is then a combination of these two solutions; i.e., the final

x and y values are an average of the predicted and corrected values. This

procedure is illustrated in figure 4. The solution then proceeds point by

point along a level line until all normals on that level have been constructed.

Then the solution proceeds to the next level and the process is continued until

the outer boundary is reached.

EXAMPLES OF COMPUTED COORDINATE SYSTEMS

Figures 5 to 7 show examples of the orthogonal coordinate systems con-

structed about three ellipses with increasing degrees of ellipticity. These

solutions are for equal spacing both in the _ and _ directions. Notice

the divergence of the coordinate lines in the regions of large curvature.

This effect of curvature can be easily remedied through unequal spacing in

the _ direction as shown in figures. 8 and 9. If unequal spacing is used

in the _ direction also, then a smoothly varying coordinate system with no

region of rapid divergence of the coordinate lines results. (See fig. 10.)

A somewhat more realistic body is presented in figure 11. This body rep-

resents a typical planetary entry shape, and the coordinate system produced is

quite good even though very little unequal spacing is used in the _ direc-

tion. Figure 12 shows the same body, but with unequal (Kc = 1.08) spacing in

the _ direction. Again, as in figure 10, the results are quite good.

To demonstrate the use of the coordinate generator on bodies with reverse

curvature, the body shown in figure 13 was arbitrarily chosen. The reverse

curvature poses no special problem; however, the normal coordinate lines tend



to converge. The effect is highly unequal spacing in the regions far from the

body. The amount of reverse curvature here is relatively small; nevertheless,

problems will probably occur on deeper cavity shapes. Figure I 4 shows the same

body with unequal (Kc = ].08) spacing in the _ direction.

A natural compression of n lines occurs when the geometric center of the

outer boundary is displaced in relation to the geometric center of the body, as

shown in figures 15 and ]6. For supersonic blunt body flows, the shifting of

the outer boundary is highly desirable, since the shock wave is close to the

body in the forward region and a compression of coordinate lines is necessary.

The stretching of the level lines in the base is not detrimental, since the nor-

mal gradients in this region are not as strong as on the forebody.

All the above cases were run with 31 _ level lines and 100 _ normal

lines giving 3000 points for the present analysis. Run times on the CYBER 175

computer averaged approximately 5 seconds, including compilation. On more com-

plicated geometries, more points may be necessary. For cases where there is a

symmetry plane in the field, only half as many points need to be used.

In addition to the whole body solutions given above, the coordinate genera-

tor can be used on partial bodies such as the forebody region on a blunt body.

Figures 17 and ]8 give solutions for partial bodies, with a representation of an

ablated entry body with reverse curvature in the stagnation region shown in fig-

ure 18. This technique is sufficiently fast to make its use with an interactive

graphics terminal both feasible and desirable.

COORDINATE METRICS

Since the intended use of the orthogonal coordinates generated using the

present technique is for axisymmetric bodies, the following coordinate system

(see fig. 19) will be used to generate the metrics, where the nomenclature fol-
lows that of reference 21:

uI = _ xI = p cos

u 2 = _ x 2 = p sin

u 3 = _ x 3 = z

where P = P(_,n); z = z(_,n) and the metric coefficients are given by

3x ] 8_ 8x 2 _x 2 8x 3 _x 3

hi, j = + +
_u i _uJ _u i _uJ 8u i 8uJ
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For an orthogonal system, the metric coefficients

hi,2, h2,], h],3, h3,], h2,3, h3,2

all have to be zero, leaving only the three familiar coefficients h],h2,h3,
which are

h] = h], 1 h2 = h2, 2 h3 = h3, 3

When the derivatives in the metric coefficient relation are taken, the following

metric coefficient expressions are obtained:

BP Bp 8z Bz
. _

hl ,2 = h2,1 _T] _ _)rl _)_

hi,3 = h3,1 = 0

h2, 3 = h3, 2 = 0

h3,3 = p2

With the choice of the present coordinate system, two of the three necessary

orthogonality conditions are identically satisfied, leaving only the hl, 2
coefficient to be evaluated numerically to determine the accuracy of the orthog-

onal coordinate generator. Table I presents results for the metric coefficients

evaluated with second-order accurate derivative relations. Generally, hl, 2 is
relatively small compared with the other coefficients in spite of being a pro-

duct of derivatives which amplifies errors. One has reasonable justification

for ignoring the h1_21 coefficient and assuming orthogonality; thus only thethree coefficients ,1' h2,2, and h3, 3 are left. Orthogonality is also
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indicated by comparison of the slopes of the level and normal lines at their

intersection. Table II gives some typical results which indicate that the

normal-line construction procedure does, in fact, give reasonably good results.

To test the effect of mesh size on the metric coefficients, a ].5:] ellipse

was chosen with equal spacing along and normal to the body. The h],] metric
coefficient on the body surface is given in table III for a range of mesh sizes.

Because of symmetry, only the results for the first quadrant are presented. As

expected, the results show that the metric coefficient does vary with mesh size;

however, for the range of mesh points chosen, the variation is relatively small.

The only significant drawback to the numerical coordinate generator scheme

is that the metric coefficients also must be numerically generated and thus

stored at every point for future use. Since the metric values must be stored

at each point, some computer storage limitations could result for very large or

complex geometries.

CONCLUDING REMARKS

The results of the application of a simple "predictor-corrector" numeri-

cal technique which allowed rapid construction of orthogonal coordinate sys-

tems about axisymmetric blunt bodies have been shown. This technique generated

orthogonal meshes which have unequally spaced points in two directions. The

technique is general enough to allow for coordinate generation about bodies

ranging from simple analytic shapes to more complex bodies with reverse cur-

vature. The relatively good accuracy of the technique was demonstrated through

the tabular data presented on coordinate line slopes and metric coefficients.

The predictor-corrector numerical technique used to generate results given

in this paper is both simple in concept and easy to program, so that the use of

the method should be broader than the limited application presented here. In

fact, the method should lend itself to use with interactive graphic systems.

Langley Research Center

National Aeronautics and Space Administration

Hampton, VA 23665

September 17, ]979
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TABLE I.- METRIC COEFFICIENTS

(a) Ellipse; _ = ].34

T] hi,] h],2 h2,2 h3,3

O, .2qTa3E+02 -.52567E-02 .99q_2E+O0 .79288E,00
.287_8E.0! .313baE.02 -.377_2E-02 .10_79E.01 .10957E+0!
.5778_E-01 .32516E+02 °._5_42E-02 .ItO85E+o! .1"57)E+01
.87110E.01 .3336qE+0_ -.31052E-02 .IISlOE+OI .1_78_£+U1
.]lb?3E,O0 .3_03bE+02 -.19122E-02 .12637E+01 .2362OE.Ul
.laebaE+O0 .3a531E+02 -.772,5E-03 .13567E+01 .2907BE.U1
.17b8bE+O0 .3_921E.02 =.128aaE-O2 ,labOIE+Ol .35175E+U!
.20738E+Ou .35235E+02 -._5589E-03 .15733E+01 .41923E+01
.238_0E+oo .]SaOSE*o2 ,28_07Eo02 .Ibgb2E+Ol ,_933_E+01
.26933E+O0 .35_uSE.02 .235_7E-02 .18298E+01 .57.18E+01
.30077E+00 .35785E+02 .28811E-02 .197_E+01 .bb185E.U!
.332_2E+uo .35887E.o2 ._0!91E-o2 .21301E+01 .756.7E+01
,3b.60E+O0 ,35qb]E+02 ,31352Eo02 ,22_78E+01 ,85815E.01
,39bqgE+uo ,3_01]E+o2 .326_2E-02 ,a_778E+OI .9bb98E.01
._2_71E.00 .3_OqSE+o2 .31919E-02 .26707E+u1 .I083_E+U2
,"6270E+00 ,30u62E+(_2 ,35182E-02 ._8771E*01 ,120bOE+o2
.,gb13E+O0 .3_0_6E+(.2 .3650,E-Oa .30qT_E+Ot .13375E+02
.5_8_E+o0 .3bOSSE+02 .379_3E-o_ .33329E+01 .I_761E+U2
.56389E+00 ,3o0_1E+02 .39_60E-u2 .358_E+0! .lo22_E+O_
.5_27E+00 .3b(.15E.()_ '._ll_E-u2 .58500E+01 .177_E+02
.63300E+00 .359_3E+02 .,303_E-02 ."t333E+O! .19$85E+0_
.bbSOSE+O0 .359_aE.02 ._5077E-O2 ._339E+01 .21085E.02
,70351E+00 .35900E,02 ._7217E-O2 .a752bE+O1 .22867E+02
,73_30E+00 ,3585tE.02 ,55278E-02 ,5089_E+01 ,2_731E+0_
.775q_E+O0 .3579BE+U2 .57aaoE.o2 .Saae]E+O! .26679E+Oa
.StIg_E+O0 ._57a_E+o2 .59511E-02 .58_29E+01 .28711E+0_
,Sa881E.O0 ,3568IE.02 ,61aSOE-02 ,6220_E+01 ,30829E+02
,88bO_E.O0 ,35blSE+02 ,63210E-0_ eob_97E+O! ,_]O]qE.O_
.9_365E+O0 .35553E+Oa ._18_aE.oa .7OelOE+ot .35_2eE.Oa
.gelbaE+O0 .35_85E.02 -._3aSE=02 .75_7_E+0! .37708E+02
.lO00oE+Ol .35_15E+o2 .a3529E-02 .80379E.01 ._0179E+02
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TABLE I.- Continued

(b) Ellipse; _ = 3.72

n hi ,1 hi ,2 h2,2 h3, 3

0, ,13731_E.02 -,23259E-o2 ,10015E.ol ,It855E+o0
._87_E.o1 .labO3E+o2 -.qa_lTEo02 .1233_E,O1 .180_E.00
.5778_E.01 .15783E+u2 =.15050E-01 .la551E+Ol .2592_E.UO
.87110E=01 .16qSqE+02 =.1757aE-01 .16732E+01 .356_E.00
.11673E+O0 .18JO]E.O2 -.17135E-0! .18931E+01 .a726_E+OO
.l_6bgE+Oo ,19rObE+02 -,187_5E-01 .21178E+O1 ,oO8_IE.O0
.17680E.O0 .20o_gE.(t2 -._Sq99E-Ot .23,8eE+01 .763qbE+O0
.20738E.00 .208_0E+02 -.21_bgE-O! ,258q1E+01 .93Bq7E+O0
.23820E+00 .2157_E.02 =.22150E-01 .28395E.01 ,I133_E.01
.26933E+O0 .22157E.02 -.2288bE-0! .31017E+oi .13_blE.Ot
.30077E+00 .22661E.02 -.261_tE-Ot .33767E+Ot .15771E+01
.33252E.00 .23061E.02 -.25bI4E-01 .3665_E+Ot .18250E.Ol
.3e_60E.O0 .23365E+o2 -.25QqgE-O! .JgbSSE+O! .20907E.01
.39e_gE.OU .2]b2bE.o2 =.27222E-01 ._287bE.01 .23720E+01
."2971£+00 ._3_32E.u2 -.3053,E-0! ._b227E.01 .2bbSbE.O!
._b27bE+O0 ._39q3E+02 -.31279E-Ot ._973bE.01 .29800E*01
.,gbt3E.O0 .aallbE+02 -.32U75E-O] .53ut3E+01 .33055E.01
.Sa_e.E.oO .Za2()oE+OZ -.3_SbbE-01 .57_bOE.01 .3bag3E.u 1
.50389E.00 .2a2OeE+OZ -.]_821E-01 .et2_iE.Ot .3_OE.Ot
,59827E.00 ,2a307E+02 -,356_0E-0t ,bS_7_E.01 ,_35q_E.01
.b3300E.O0 ._32bE+O_ =.3682bE=01 ._9857E+0! .u7351E+01
.6_808E.UO .2_3_RE+O_ -.3757BE=or .7=ateE+ot .St21_E.Ot
.70351E+00 ,2a3_6E+O2 -.3_a_aE-Ot .7_159E.01 .55180E.01
.739]0E.00 .Z_291E+OZ -._75E-Ot .8_087E+01 .S92_SE.ot
.775,aE+00 .2_25oE+o_ -._o218E-01 .8920_E+01 .e]aOaE+gl
.8119_E+00 .2a213E+o_ =.,10_2E-01 .q_51lE.O1 .57b_TE+O1
.8_81£.00 .2=Ib2E+02 =._178bE-01 .10001E+02 .7197_E+O1
.8860,E.0_ .2_I0_E.O2 -._2508E-0! .10570E.Oa .7_378E+01
.92385E+OO .2_O,2E.()_ -.a3188E-01 .tlt58E+Oa .80855E.01
ogbleaE+O0 .2]975E.0_ -._38_3E-01 ,117o7E.0_ .853_gE.ul
.10000E+01 ._3_0_£.u2 -.,,_19E.0! .1_3_5E.0_ ._oO07E.O!
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TABLE I.- Continued

(c) Sphere; _ = 0.823

T] hl .l h] .2 h2.2 h3.3

0. .80002E*01 .2651QE-02 .99971E+U0 .U620_E+00
.287_8E-01 .80003E+01 .29355E-02 .11717E+01 .5_085E+00
.5778,E-0! .8000,E+O! .32238E-02 .13592E+01 obabO4E+O0
.87ttOE-01 .8000_E+01 .35155E-02 .1562bE+O! .7i839E+00
.tl873£.00 .80005E.0i .38108E-02 .1782"E.u! .81810E.00
.l_6_E+oO .8o005E.01 ."109_E-02 .20189E+Ot .9253bE.00
.17b8bE+O0 .80005E+U1 .aaillE=02 .22727E+01 .10_0_E+01
.20738E.00 .80005E+01 ._7156E-02 .25_,3E+01 .1163_E.Ol
,amsaoE+oo .8ooo6£..1 .5o231E.oa .asm.oE+o, .lag.7£+ut
.26933E+00 .80UO6E.ol .53332E-0_ .$1"25E.01 .l_3,_E.UI
.30077£+00 .8000bE.01 .56_blE-02 .3a701EeOl .1582&E+01
.33252E+00 .80008E.01 .SgbtbE-02 .3817,E+0! .1739_E+0!
.3b_bOE.O0 .8000oE+01 ._2797£-02 .U1850E.01 .loOblE.01
.39_99E+UO .80006E+Ol .beOOSE-O2 ._5733E.0! .2oSt7E.Ul
.a297IE+O0 .80OOoE+OI .b9238E-02 .u9830E+01 .22669E.O!
._6_7bE+O0 .8000b£+0! ,72_97E-02 .5_]aSE+01 .2_b2UE+O!
._q613E+O0 .8000bE+or .75781E-02 .58085E+Ot ._bb72E.01
.5298_E+00 .8000bE+u1 .?q0gEE-02 .b3,S_E+01 .288EOE+UI

.Sb38gE+O0 .8000bE+u1 .82_28E-02 .b8.blE+O! .31091E.euI

.59_27E.00 .8000bE.(}1 .85790E-02 .73709E+01 .33_b_E+01

,b3_00£.00 .8000_E.o1 .89_78E-0_ .79_o7E.01 .359UbE+O!
.bbS08E.00 .80007E.01 ,_259_E-02 .8_959E+01 .385a_E+0t
=70351E+00 .8ooo7£+0t .96032E-O_ mgO973E+01 ,_12b_E+Ol
,73930E+uO .80007E+Ol ._9_9E-02 ,_7255E+01 ._oq_E+Ol
.775_UE+00 .80OOTE+O! .IO29?EoOt ,10381E+Oa .,70oOE+o!
.8119_E.00 .80007E+01 .tOb5iE-Ot .110bSE.O_ .501_E+O1
.8_88tE.00 .80007E.01 .11006E-01 .tt778E+O_ .533_E+O1
.88bOaE+()O .80007E+01 .tl3b3E-ot .12521E+U_ .567_1E+01
.92365E+00 .80007E+01 .11723E-0! .1329_E+0_ .b0211E+0t
.gbtb_E+O0 .ROOOTE+OI .t_OSbE-O_ .t_vqSE+O_ .638_1E+01
.IOOOOE+OI .80007E.O1 ,12_52E-0! .1_93,E+0_ .b761bE+Ot

13



TABLE I.- Continued

(d) Sphere; _ = 2.07

hl ,1 hl ,2 h2,2 h3,3

O, ,80015E.01 -,tq233E-02 ,9q955E.O0 ,81405E,UO
.287_8E-01 .80015E.01 =.2633_E-02 .t18_7E+O! .95217E.00
.577_E-U! .SUOlSE_nl -.3328tE-02 .t3872E.O! .1102bE.01
.8711oE.01 .80OlSE+01 -._OtO3E-o_ ,lbO75E.O! .1265eE.01
.II073E+00 .80015E.01 -.ae825E-02 .18_61E+0! .l_a2OE.01
.l_bO,E.O0 .80015E.01 -.53abbE-02 .2tO3_E+O_ .lb310E_O_
.17b_bE+_O .80015E.01 -.bOOalE-02 .2379_E+_1 .1835_+U1
.20738E_00 .80015E.01 -.bbSbOE-02 .2b7bnE+O! .2052_E+Ot
.23_20E.00 .80015E.OI -.73031E-02 .29q22E+O! .2_8_5E+Ol
.2bq33E.O0 .80015E.ol -.Tq_60E-02 .332qlE*O! .2531_E+01
.30077E.00 .80015E+o1 -.85853E-02 ._eS?OE+01 .2793bE+O!
.3325gE+00 .8ootSE.O! -.q221_E-02 ."ObbbE+01 .30710E+01
.3babOE+O0 .80015E.01 -.985_5E-02 ._b83E+01 .33657E+Ot
.39bqgE+O0 .80015E+01 -.10_85E-01 .u8928E+01 .]b76_E.Ot
,aaq7lE.O0 ,8001aE+_t -,JltI3E-Ot ,53405£+o1 ,_OOUiE+u!
._ea7bE+O0 .8001UE.ul -.1173qE-01 .5812oE.01 .a]_)E.Ut
._9613E+O0 .8001uE+ol =.t2$b3E-O! .b308OE+ot .a7t_E.o!
.5Z_SaE+O0 .BOOI_E+Ot -.t_q85E-Ot .b828_E.Ot .5oq38E.Ot
.Se3_qE.O0 .8001_E+o! -.13_O_E-Ot .7375,E+01 .Suq_IE._!
.598_7E+00 .8oo]_E.01 -.]aa23E-Ot .7_aS_E+o1 .5_138E._1
.b3300E+O0 .800],E+O! -.la83_E-O! .85_78E+01 .b353_E+O!
.bb_OSE+O0 .80OlUE.O! -.15_5_EoOt .917_E+o! .6813_E._1
.70351E.00 .8001_E+01 -.]bOb7E-O! ._8301E+01 .7_q_lE+O!
.73q_oE.o0 .8001uE.o1 -.lb_TqE-O! .1051_E,0_ .7?q_E.01
,775_E._Op ._O01_E.u! -,I72_E-O! ,|l_aeE,u_ ,e3_osE+ut
.Sttg_E.O0 .8001_E.01 =._7898E=01 .1197_E+0_ .88b?_E+Ut
.8_881E.00 .800rUE.or -.18505E-01 .127abE+Ua ._371E+Ol
.88bO_E+O0 .8001_E+Ot -.19]]1E-01 .13553E_0_ .10031E_0_
.9_3_5E+00 .800rUE.O! -.1_715E-01 .1_392E+02 .lObaBE+O2
._el_aE.oo .8001uE+01 -.20317E-01 .15ab_E+Oa .112qlE.o_
.tO000E+Ot .8001UE+Ot -._OqtSE-Ol .16170E+0_ .llg_qE+O_
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TABLE I.- Continued

(e) Blunt body; _ = 0.791

hl .I hl .2 h2.2 h3.3

0. .q8722£.ot .2b070E-03 .88007E.00 ._08IE.01
.287_r-.01 ,98870E+0! , =?.3573E..n3 ,916o6E+00 ,147_25£.01
.5778_£-uI .98qb2E+o! .t868_E-03 .95728E,0u .509q_£+0!

.8711OE-UI .9qOogE+Ot .15_85E-0] ,1001b£+01 .Sa65eE+01
,i1673E.00 ,gqO21E_,O ! ,1"185E-05 ,10501E.01 ,58557E.01
,I_bb_E+uO ,qqoOe, E+ol .13_135E-03 ,11022E+01 o026_9E_01
, t 7681bE,+00 ,_8q67£.(I 1 , t 27_g,E,,,03 ,tI581E+01 ,bbgal£.O|
, ;2073a£ +'J0 ,989tOE+u! ,12903E-03 ,12177E+Ot ,71_37E+01
,238_.0E+00 , _8837E,1.01 , t 3578E.,03 ,1281,_£+01 ,7hi u,3E,Ol
,26933E+O0 ,9e751£.01 . I ta70,£,,,03 ,13,85E+01 ,810bSE.ol
,30077E.00 ,98e, SSE+O t ,tb228E-03 ,1_ 19_E.,,O 1 ,8_2.07E+01
e3_252E.O0 .985_9E+o[ .1809,E-03 .1_951E+01 .91570E.Ul
.3b_bOE+00 . ¢)8/4_bE.!) ! .202"SE-O_ .t57aSE+01 ,97! 79E.O,t
.3969qE.o0 .98315E.o1 .22620E-.03 .10580E+01 ,1030¢_.E.02
,_297lE+00 ,qtitSqE.01 ,,25/.186E.,O 3 ,17_58E+01 ,Io91 tE+o;_
, O,O276E.O0 ,,_805P, E.O ] .2_/45bE-03 ,]8379E.0! . _,l 5"5E,1,02.
ou'q613E.O0 .q79,."3E.O 1 o=R/.Ia2E-03 o193,5E+01 .12¢...O_4E. 02
,5_98,E.00 ,9778/.IE.01 ,52.308E-03 ,20350E+01 ,128qiE.O:;'
.Sb389E+00 .976_]E.01 .5Y6]aE-03 .2i_0E*0! .t3b0_E.0a
=59827E+00 .97_90E+01 .58160E-03 .aasas£+o! .Z,3=bE.ua
.b3300E.UO .973,8E+01 .53797E-03 .a3087E+01 .t5tlbE+02

.bbeOSE+O0 .97198E.01 -.98=7aE-03 , _895E.,.0 ! ,15915E+02
,70351E.00 .970U, bE+O ! -. 6137u, E,-03 ,?.bJ 57E.01 ,107_.5E_02
,739_0E+00 ,96_ac)aE.o I .,72091E-03 , ?.,7u71E+o I .17bOSE.o;_
,775,,uE.00 .gb75¢JE+Ol -,7950bE-03 ,288_0E+01 ,18_7E+02
,8119_E.00 .ge_,51E.O 1 .,57918E.03 ,30263E+01 ,19_2_E+02
,8.881E.Ou .gb283E+01 -.3bO2_E-03 ,317_3E+01 ._0379E+0_
.88bO,_E.t_O .¢_e,27 tE.O 1 ,.. 38899E..O_ .3327u, E+O t ,Et370E+02
,gP3bSE+uO ,90o97E+0! -.37987E-o3 .3,803E+01 .2_97E+0_.
,¢_bIO_E+O0 ,gSc_atE+o I -,_58_5E-03 ,36511E+Ol , ,_3_lb L)E,I.V2.
,lOOOOE+Ol .95785E+01 -.3_303E-03 .38219E+01 , aa559E +0,?,
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TABLE I.- Concluded

(f) Blunt body; _ = 4.28

n h],I hl,2 h2,2 h3,3
..... .|

O. .t1203E.02 .2b_13E-02 .10913E.01 .1_88_E.01
.a87_eE...u t .]119qE.oa ..a85eoE..oa .. 12291E.01 .tbt67E.Ul
.5778,E-0! .11193E+02 .333q5E..02 .13b_gE+01 .17521E.01
.87110E.01 .111q55.02 .37638E-02 .15138E.01 .18_bSE.Ol
.ltb73E+OO .ItlqqE.02 .b7q31E..02 .lb711E+Ol .20_91E.0!
.l_bbaE+O0 .IIt88E.O2 .3215bE-O2 .18362E,Ol .2209eE.01
.17b8bE.O0 .11187E.02 ._9_59E-02 .2010OE+01 .2379_E.01
.20738E+00 .1lI86E+02 ._738b£..02 ._1q17£+01 .2557_/E._) 1
.23820£+uo .11186E.o2 ._672_E..O2 .23821E4.01 .27_5_E.u1
.26933E+O0 .11185E.o2 ._b3OqE-02 .25812E,01 .29_3_E_.O 1
,30077£+0u ,11185E.02 , _6268E,-02 ,,?.7897.E+01 ,31507E.(J1
.]_252E+00 .11185E.02 ._6710E-02 .300b_£+01 .33683E.01
.. 3b,bOL+O0 .11185E.Oa ._7717E-02 .3:_330E+01 .]SqbSE,Ul
.3Qb99E.O0 .11185E+02 ._9350E-02 .3_bgEE,O! .38355E._)I
._971£.00 .1118bE+02 .5_b_uE-O_ ._71_3E.01 ._085bE.01

.5aqS_g+O0 .11221E.02 .HO_3E-02 ._518_E+01 ._9068E+01
,56389£+00 ,11180£.0R ,85aq_E-0R ,_8100E.01 ,5R0_SE.01
.598a7E.oo .1118a£+o2 .b2bbbE=Oa .51137£+0l .5515bE.Ul
,6.',_OOE+O0 ,11183E+02 ,b8510E-02 ,5_1287E.01 ,58397E.ul
.bb808£+00 .11182E.02 ._8398E-02 .5755b(+01 .bt77_E+01
.70551E+00 .lt181E.02 .bq3_9£..0_ .bO'_7E.O! .b52qOE.O!
.7_]OE._)O .11180[.0_ .7(J617E..O_ .b_b]E+01 .b8950E.01
.775_,E+00 .11180[+.02 .77385E..0_ .681o7E+01 .7_758£.ol
.8119_E.00 .1_17qE.0_ .78qqqE-02 .71878E.Ol ..76717E+O!
.8,881_+00 .1]17oE.0_ .80783E-0_ .7578_E.01 .80833E.01
,88b0_4[.00 ,1]]78£+02 ,82¢)0/_E-02 ,TqS_SE.01 ,8510_E.01
,92365E.I.OU ,11178E+o_ ,85_05E-02 ,8_10 lbE.I.L) ] ,89550E.(J 1
•gblt_+O0 ,I] 178E.U_ ,8830]E-0_ ,8_55]E+01 ,9_lb!E_,01
.10000_.01 .11177E.0_ .q_b_3E-02 .92839E+01 .qeq_S£+01
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TABLE II.- COORDINATE LINE SLOPES

(a) Ellipse
,, III

= ].34 _ = 3.72

(dy/dx)_ -]/ (dy/dx)_ (dy/dx)n -1/ (dy/dx)

.287_8E-_1 .2o32_E.oo .1Qb2_E.O0 .gt_q3E+O0 .Sq_72E.O0

.5778_E-0! .2321bE+00 .22_23E+00 .q1737E+O0 .90105E+00

.87110E-Ul .25b_3E+PO .25_73E+o0 .q3828E+O0 .923_8E+00

.llb73E+O0 .278_7E+oO .2768_E.00 .ObO7gE+O0 .q55gOE.O0

.t,eb,E+O0 .29768E+00 .29e32E+O0 .loobgE+01 .99317E+00

.t7bSeE+O0 .3151_E+UO .31387E,00 [ .10_81E+01 .t03a6E+o!

.aO738E+O0 .33129E+OO .33012E+OO .109ttE+Ot .1O782E+0!

.a3820E+oO .3u586E,OO .3_51OE+0O .1136OE+01 .II231E.Ot
,_e933E+oo .35988E+O(J .35911E+00 .11819E.Ol .11690E.01
.30077E+00 .3731_E+00 .372_E+00 .1228_E.01 .12159E+01
.33252E+00 .38577E+00 .3P513E+OO .]Z7b3E.Ot .12631E+01
.30_60E+00 .39788E.00 .39728E,00 .t3236E+Ut .13100E.01
.39699£+00 ._0955E.0o .aoRgqE+Oo .137]1E.O1 .1357oE+0!
._2971E+00 .a2085E+oO .a2o32E+O0 .la182E.Ut .IUO_IE.OI
.4b_TbE+O0 ._318_E+00 ._3133E+0o .I_eb2E+01 .1_51_E+01

.5298_E+00 ._5308E.00 .aSE59E+O0 .15632E.Ut .15aTOE*O!
.56389E+O0 .o_3_OE+OO ._62q2E+O0 .16123E+O1 .15953E+01
.59827E,o0 ._7355E.00 ._7_08E+00 .16bZOE+Ul .te_atE+OI
.b3300E+O0 .a8358E+Oo ._83_1E+00 .1712tE+Ot ,10933E.01
.08808E+o0 ._93_8E+00 ._9302E+00 .17b2_E+01 .17_30E+0_
.70351E.00 ,5032_E.00 .50283E+00 .t8t_3E+Ol .17933E+0!
.73930E+00 .51302E.0o .51255E+00 .180b_E+01 .IS_g3E+O!
,775_E+00 ,52269E+O0 ,5222tE+00 ,19193E.01 ,lSqbOE+Ol
.81t_!+O0 .53230E+00 .Y3181E+O0 .19730E.01 .19_8_E+01
.Sa881E.oo .5_186E+OO .5=13bE.o0 ._027bE.Ol .2o017E+01
.88bOaE+O0 .5513qE+0O .55o87E+o0 .20832E+O1 .2o558E+01
.92305E+oO .5eOSgE+UO .SeO35E+O0 .21398E+01 ._1108E+o1
.9bt6qE+OO .57095E.O0 .56_95E.00 ._197aE+Ol .21668E+O1
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TABLE II.- Continued

(b) Sphere
L

J

--0.823 _-- 2.07
J i i ii i i

(dy/dx)n -I/(dy/dx)£ (dy/dx)17 -]/(dy/dx)

.287_E.(.1 .10821E+01 .10799E.01 .18585E.01 .18_22E.01

.5778_E.u1 .10823E.Ol .10801E.01 .18583E.01 .18_19E.01

.87110E-ul .lOS25E.Ot .10802E+01 .18582E.01 .18a]bE.01

.ltb73E.O0 .tO82bE.u! .1080,E.01 .18580E.01 .18_1]E.01

. l_(=b_E.oo .10828E+0! .I0805E+01 .18578E.ol .18_()£+0!
.17bSbE.UO .10830E.01 .tOSOTE+01 .18577£.ol .18._07E+0!
.20738£.00 .t0831E.01 .10808E*01 .18575E..Ol .18_05E.01
.23820E.00 .10832£.01 .1(_809E+01 .1857aE.01 .18aO2E+Ot
.269;$_E+O0 .1083aE+u! .108t tE.l.O! .18573E.01 . IH/_OoE.01
.30077E.00 o10835E.(_1 .]0812E.01 .]8571£+Ol .183¢_8E.0!
,33_5;¢E+00 ,i08_OE+01 ,lOSt]E+01 ,18570E.ut ,1839bE.01
.3ba6OE+O0 .10837E.01 .tostgE.Ot .185bSE+Ol .1839_E.01
.39699E+O0 .tO83_E+01 .t0815E.O! .185e_7E+(_! .18392E.01
.a_971E.O0 .10839E+01 .tO81bE+Ot .t856bE.01 .t8390E_Ot
,4b,_76E+O0 ,108_0E+01 ,lO817E.01 ,18505E,(Dt ,18388E+O!
._4qbI3E+O0 .108alE+Ot .1o818E+01 .18563E.ut .18386E.01
.5agS,E+O0 .108_aE.01 .108l¢_E.01 . t85e_2E.01 .18385E.01
.Se3_gE+O0 .108a3E.(_! _108aOE.01 .tSSOlE+O] .IR383E.01
.5¢_827£.UL) .108aaE_.O 1 ..10821E..01 .185eOE+O! .1838]E.01
.b_3OOE.OO .]08aSE.01 .10822E.01 .18558E+01 .18380E+01
.b_.SOSE+OO o108abE+Ot .10823E.01 .18557E+01 .18378E,01
.70351E+00 .108a7E+01 .108a3E+O! .1855eE+01 .18177E+01
,73¢_30E+00 ,108_8£.0t ,1 o82/_E.01 ,18555E+01 ,183'15E+0!
.775_E+oO .108_OE+ut .toSZSE+O! ot855_E+Ot .18]7_E.Ot
.8119uE.00 .108_9E.01 .IOSa6E+Ot . _8553E_.O t .1837ZE._01
.8_88lE+oo . l O850E_.Ol .lO8_7E.01 .1855_E.Ol .t8371E.01
.88bO_E+O0 .IOMStE.01 .lOBaTE+01 ._8551E.01 .t8370E+01
.9_bSE.O0 .1085_E.01 .108_8E+0l .18550E+01 .18_bSE.Ot
,gblS/4E+O0 • 1085:_E"u I ,108_;E+01 ,185_18E.01 ,18367E.Ot
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TABLE II.- Concluded

(c) Blunt body

= 0.791 _ = 4.28

(dy/dx) n -]/ (dy/dx) _ (dy/dx) n I -]/(dy/dx)

.2_.7_E-01 ._72_4 lE.oo .57_70E+o0 .159_E+(Jt .15o95E+ot
.5778_1E..01 .55¢)S3E.O0 .55q77E+O0 .1575¢)E+u I .15521E+01
.87110E-Ol .5_757E.ou .5477bE+0o .15S¢)OE+0| .153bSE+01
.llb73E.O0 .53b]7E+O(} .536S_E+00 .lSg59E+o! .15a3_4E+O!
. I aee_.E.oo .52570E_oo .52591E,00 .152_OE.0! .15107E+o1
,17bSbE+O0 ,5157_E_.uo ,51583E+00 .15158E+01 ,1 o.q78E+01
.20738E.00 .50615E+O0 .50022E,00 .1503bE+u] ,1/_SbtE+O1
.238_0E+00 ._Jq6q_E.O0 ._q7otE.O0 .1 u¢_22E.Ot .1 _752E'.01
.269J3E.O0 ._8812E+O0 .=881_E+00 .1"815E+01 .14b_9E./] !
.30077E.o0 .u7958E.oo .a7q=j_E.O0 .]_715E.U1 . tLI552E.O !
.3.'._'5_E+00 ._7131E+00 ._7131E.00 . tab21E._t . t_4q60E.01
,36_0oE+o0 o_0329E.oo . _.b32._E.O0 .1_532.E+O! .lq373E.Ot
.39699E.O0 ._5550E+_o .aSSaTE.O0 .1q448E+Ot . tLI2¢_tE.Ot
,_2.971E+o0 ,/4a?gtE+O0 ,_,787E.00 .lq368E.01 ,1_213E+01
,_b27bE+O0 ,_050E+O0 , _aO/.15E+O0 .lq3OOE.Ol ,ILllqlE+Ot
. o.¢_(.13E.0o .a33;_7E+O0 .u3321E.O0 .1_228E.01 . ] _07/4E.01
.5298/4E.Oo ./_b."OE+O0 ./_6t 3E+oo . _lalbSE+Ot .IqOO7E.Ot
,Sb389E.UO ,alca_SE.Oo ,,_ t _lE_.oo ,taOgRE.Ol ,13q_tE+Ot
. $98;_7E+00 ._t251E.0o .at_/_2E.oo .taO23E+Ot .138'70E+01
.b3300E+O0 ._0587E+o0 ,,O57eE.O0 . I39bOE+.)I .1381_E+01
.bbSOSE.oo ,39_70E.00 ,39933E.00 .t3_OOE.ul .J3755E+O!
,70351E.o0 ,3933¢?.E+o0 ,3q3otE+oO ,I3_E.Ol ,13698E+_!
.73930E+00 .387O_E+O0 .3_e.73E+O0 .137_E+01 .136,3E+01
.7.75_IE..0o ._8OFSE+oo .38055E+00 .I3729E.01 .135q(_E+Ol
.8119/_E.O0 .37#SIE+uO .37#5lE.00 . t3O7bE+Ol .13539E+01
.8,881E.O0 .3_88_E.0o .36858E.00 . t3e;_E+01 .13¢,89E+01
.88o0=E.O0 .36ag_E.Oo .3eae_E+oo . _357/_.E.01 ,13aaoE_.o_
.ga_oSE.O0 .35717E+Oo .35689E.O0 .13525E+01 .1339aE+01
.9otouE.t)o .351_TE+uo .._StlSE+O0 . :l3,78E+Ol .133abE_.O!
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TABLE III.- METRIC COEFFICIENT AS FUNCTION OF MESH SIZE

FOR 1.5:1 ELLIPSE

h1,] for coordinate mesh size of -

-'
I01 x 41 I01 x 31 I01 x 21 51 × 41 51 × 31 51 × 21

0 13.000 13.000 13.000 13.000 13.000 13.000

.159 12.996 12.996 12.996 12.996 12.996 12.996

•317 12.567 12.568 12.570 12.581 12.581 l2.583

.456 12.349 12.349 12.350 12.190 12.190 12.192

.635 ll .842 II .843 II .846 II .750 II .750 II .753

.793 II .344 II .345 ll .349 II .247 II .248 II .251

.872 I0.796 I0.797 10.831 10.668 10.669 10.673

.912 I0.302 I0.303 I0.324 I0.137 I0.138 I0.142

l .031 9.857 9.858 9.862 9.686 9.686 9.690

1 .I89 9.555 9.556 9.597 9.366 9.366 9.369

1.348 9.414 9.414 9.432 9.239 9.239 9.241

I.507 9.453 9.453 9.454 9.315 9.316 9.317
1 .666 9.583 9.583 9. 584 9.524 9.524 9. 525
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Figure I.- Body surface geometry.
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Figure 2.- Geometry of body and outer boundary.
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Figure 3.- Level lines about ellipsoid.
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Figure 4.- Calculation procedure for normal orthogonal link.
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Figure 5.- Orthogonal coordinate system about 1.5:1 ellipsoid with

equal _ spacing.
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Figure 6.- Orthogonal coordinate system about 2:1 ellipsoid with

equal _ spacing.
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Figure 7.- Orthogonal coordinate system about 3:] ellipsoid with
equal _ spacing.
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Figure 8.- Orthogonal coordinate system about 3:1 ellipsoid with slightly
unequal _ spacing.
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Figure 9.- Orthogonal coordinate system about 3:1 ellipsoid with

unequal _ spacing.
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Figure 10.- Orthogonal coordinate system about 3:1 ellipsoid with
unequal _ and _ spacing.
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Figure 11.- Orthogonal coordinate system about planetary entry body.
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Figure 12.- Orthogonal coordinate system about planetary entry body with
unequal n spacing.
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Figure 13.- Orthogonal coordinate system about arbitrary body with
reverse curvature.
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Figure 14.- Orthogonal coordinate system about arbitrary body with reverse
curvature and unequal spacing in _ direction.

34



Figure 15.- Orthogonal coordinate system about 3:1 ellipsoid with displaced

outer boundary and unequal _ spacing.
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Figure ]6.- Orthogonal coordinate system about planetary entry body with

displaced outer boundary and unequal _ spacing.
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Figure 17.- Orthogonal coordinate system on forebody of spheroid.
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Figure 18.- Orthogonal coordinate system on forebody of reverse curvature

conical body with unequal _ spacing.
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Figure 19.- Coordinate systems schematic.
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